Giraffes Giraffa camelopardalis are megafaunal browsers and keystone species in African savanna ecosystems. Range-wide population declines are suspected, but robust data are lacking. Tanzania holds the largest population of giraffe of any range state, and aerial surveys constitute most of Tanzania's giraffe population monitoring data, but their accuracy has not yet been assessed. An IUCN status assessment for giraffe is currently underway, and calibrating aerial surveys with ground-based surveys can quantify accuracy of the aerial surveys to ensure more reliable estimates of populations nationwide. We estimated giraffe density and abundance in the Tarangire Ecosystem in northern Tanzania using 2 ground survey methods, distance sampling and capture-mark-recapture, and compared our ground-based estimates with those from the most recent aerial survey in 4 sites. We found aerial survey estimates were biased low, while ground-based surveys were more precise and cost less. We computed correction factors to improve the accuracy of aerial surveys and suggested ways to further improve aerial survey methods.
Precise estimates of population size are important for the proper conservation and management of species but are often difficult to obtain. Several methods are available to estimate population size, but most researchers use only 1 method, which makes resulting estimates subject to inherent biases. Individual identification using photographic capture-mark-recapture (PCMR) allows a direct enumeration of sampled individuals, and provides a means of comparing estimation methods.
Historically in Tanzania, East Africa, aerial surveys known as systematic reconnaissance flights (SRFs) have been the primary method used to assess large mammal populations. These surveys use fixed-wing aircraft to observe animals and can be effective for estimating population size and trend across large areas (Caughley et al. 1976; Tracey et al. 2008; Lubow and Ransom 2009 ), but heterogeneous observation conditions can lead to biases that may significantly underestimate the true population (Caughley 1974; Cook and Jacobson 1979; Samuel and Pollock 1981; Pollock and Kendall 1987; Samuel et al. 1992; Jachmann 2001 Jachmann , 2002 Borchers et al. 2006; Laake et al. 2008) . Observation bias in aerial surveys may arise from a variety of factors (i.e., aircraft type, observer fatigue, observer skill, observer seat position, animal behavior, season, distance from the aircraft, group size, angle of the sun, landscape shading from cloud cover, topography, amount of vegetation cover, and vegetation type) but many of these potential influences often are ignored when estimating animal abundance .
Additionally, aerial survey data are considered expensive to collect and thus these surveys are only conducted every few years. Cost-effective methods that produce precise estimates of density and abundance are required for long-term monitoring of large mammal populations (Yuccoz et al. 2001; Nichols and Williams 2006; Ogutu et al. 2006; Peters 2010) . The lack of cost-effective and precise methods could lead to inappropriate or inefficient management over large areas, possibly resulting in long-term population-level declines (Jachmann 2001; Spellerberg 2005; Lindenmayer and Likens 2010) .
A fundamental concern when conducting any visual surveys for wildlife is that some individuals are not seen by observers (Norton-Griffiths 1978; Seber 1982; White 2005) . When population estimation fails to incorporate variation in detectability, the resulting estimates and inferences based on those estimations will be biased low. Correcting estimates of population size (  N ) for detectability biases is vital for studies that compare population densities or abundances across space and time (White 2005) , and is especially important for long-term monitoring of species of conservation concern (McQorquodale et al. 2013 ).
Ground surveys using road networks as transects have been shown to be an effective and inexpensive method for density and population estimation (Ogutu et al. 2006; Caro 2011) , and add value to aerial surveys through calibration and increased detection of small and cryptic species (Jachmann 2002; Waltert et al. 2008) . Ground survey encounter data with perpendicular distance from road to animals can be analyzed in a distance sampling framework that accounts for different detection probabilities to produce precise density estimates (Buckland et al. 1993; Augustine 2010) . PCMR surveys using natural marks can also produce precise and inexpensive abundance estimates while accounting for imperfect detectability (Bolger et al. 2012) .
Giraffes Giraffa camelopardalis are megafaunal, browsing ruminants that eat leaves, twigs, and fruits of woody savanna vegetation in sub-Saharan Africa (Dagg 2014) . Tanzania holds perhaps the largest population of giraffes of any range state. Range-wide population declines are suspected based mostly on aerial surveys, but robust data are lacking. A status assessment for the IUCN SSC Giraffe and Okapi Specialist Group is currently underway for giraffes (IUCN 2012) . As part of this effort, the aerial surveys that constitute most of Tanzania's giraffe population monitoring data should be calibrated with ground surveys to quantify their accuracy and, if necessary, adjust their estimates with a correction factor. In this study, our objectives were 1) to estimate giraffe density and abundance in the Tarangire Ecosystem (TE) of northern Tanzania using 2 ground survey methods, distance sampling (Buckland et al. 1993) and PCMR (Burnham and Overton 1979; Bolger et al. 2012) ; 2) compare our ground-based estimates with the aerial survey estimate; and 3) compute a correction factor to improve the accuracy of aerial surveys. We compared estimates from 4 sites in the TE with different giraffe densities and land management regimes, and discuss the precision, accuracy, and costeffectiveness of the 3 survey methods. We offer suggestions for ongoing monitoring of giraffes in this and other fragmented landscapes.
Materials and Methods

Study Area
The Masai giraffe G. c. tippelskirchi is the most numerous of 6 giraffe subspecies (Dagg 2014) , with the majority residing in Tanzania, East Africa. The 2nd highest density of Masai giraffe after the Serengeti Ecosystem occurs in the Tarangire Ecosystem (TE). The TE is in the eastern branch of the Great Rift Valley and encompasses roughly 30,000 km 2 (Borner 1985; Prins 1987 ) defined by the migratory ranges of wildebeests Connochaetes taurinus and zebras Equus quagga from their core dry-season refuge along the perennial Tarangire River, stretching north to Lake Natron and south to the Simanjiro Plains and Irangi Hills (Lamprey 1964; Kahurananga and Silkiluwasha 1997; Foley and Faust 2010) . The TE is a savanna-woodland ecosystem that supports one of the most diverse communities of migratory ungulates in the world (Bourliere and Hadley 1970; Bolger et al. 2008) . Since the 1940s, human population and agricultural development have increased 4-fold to 6-fold throughout the TE (Gamassa 1995) , causing substantial habitat loss, increasing fragmentation, and reducing connectivity (Newmark 2008; Msoffe et al. 2011) .
The core of the TE is divided into 4 sites ( Fig. 1) representing different land-use management regimes: Tarangire National Park (TNP), Manyara Ranch Conservancy (MRC), Lolkisale Game Controlled Area (LGCA), and Mto wa Mbu Game Controlled Area (MGCA). The 4 sites represented a variety of human land uses, including a national park (TNP), a private cattle ranch/wildlife conservancy with livestock grazing and tourism (MRC), and 2 Game Controlled Areas (MGCA and LGCA) that permit wildlife harvesting (subsistence and trophy hunting although hunting of giraffe is prohibited), agricultural cultivation, and permanent settlement (Caro et al. 2000; Nelson et al. 2010) . MRC is included in the Kwakuchinja area in SRF reports. Estimates from each method were generated for each site. Our primary objective was to calculate correction factors for the aerial survey conducted in November 2011 based upon PCMR methods collected in 2012. We considered the PCMR method to provide the most accurate and precise estimates of abundance and density in each site because 1) the method accounts for detectability, 2) individuals are identified and enumerated, and 3) individual accumulation curves leveled off at the end of the study period indicating that most animals present had been identified.
Data Collection
Aerial surveys.-Systematic reconnaissance flight (SRF) data and methodology were taken from Tanzania Wildlife Research Institute (TAWIRI). A total of 12 SRF surveys using light aircraft were carried out in the TE from 1986 to 2011 (Fig. 2) following the methodology of Norton-Griffiths (1978) . SRF transects were flown in an east-west direction and spaced 5 km apart. Each transect was divided into subunits defined by 30 s flying time. This translates to approximately 1.1 km on the ground. Pilots recorded the beginning and end points of each transect using a GPS and simultaneously marked flight lines on 1:50,000 maps. At the beginning of each subunit, the Front Seat Observers (FSOs) announced the change of subunit, and recorded the radar altimeter to the nearest 3.3 m. Rear Seat Observers (RSOs) dictated onto cassette recorders the subunit identification, and all observations of large animals and human activities seen within sample strips defined by fiberglass rods attached to the wing struts of the aircraft. Target sample strip width was 150-170 m for each RSO, and was calculated based on altimeter readings for each subunit. Recorded observations were transcribed onto data sheets after each flight. Census data were entered into a computer and analyzed using software developed specifically for SRF surveys. Population estimates were calculated using Jolly's Method 2 of Unequal Sized Units (Jolly 1969) .
Ground surveys.-We conducted 6 daytime, fixed-route, road transect ground surveys for giraffe while simultaneously collecting both distance and PCMR data between January and October 2012. We surveyed according to a robust design sampling framework (Pollock 1982; Kendall et al. 1995; Kendall and Bjorkland 2001) with 3 sampling occasions per year near the end of each precipitation season (February, June, and October). Each sampling occasion was composed of 2 back-to-back sampling events during which we drove all fixedroute road transects in the study area (Fig. 1) . Road density throughout the study area is high relative to giraffe home range size. Driving speed was maintained between 15 and 20 kph on all transects, and all survey teams included the same 2 dedicated observers and a driver. Each road segment was sampled only 1 time in a given event.
We collected distance data for all giraffes visible along both sides of the road out to 500 m. Distance data records the group size and perpendicular distance from the road transect to each group of animals when first detected. When a group or singleton was sighted, we halted the vehicle and recorded the perpendicular distance from the road to the animal(s) measured with a laser rangefinder (Bushnell Arc 1000), the total number of individuals, and the GPS position of the vehicle. If the sighting was a cluster of animals, distance was measured as the perpendicular distance from the road to the approximate middle of the group.
For PCMR, during sampling events, the entire study area was surveyed and a sample of individuals were encountered and "marked" or "recaptured" by photographing them. We photographed, and later identified individual giraffe throughout the study area, using coat patterns that are unique to each animal and unchanged through time (Foster 1966) . Each giraffe encountered during road transects was photographed on the right side for individual identification, and the following data recorded: age class (calf, subadult, adult), sex (male, female), site, and GPS location.
Data Analyses
We restricted ground survey analyses to adults for our method comparison because calves are difficult to detect from the air. Abundance estimates for distance and PCMR were calculated for the SRF area to allow for comparability among methods.
Distance.-Distance data were analyzed with program DISTANCE 6.0 (Thomas et al. 2010) to estimate density and abundance of animals in each site while accounting for variation in detectability according to distance from the road transect. We analyzed distance data following recommendations in Buckland et al. (2001 Buckland et al. ( , 2004 . We analyzed data from each site independently. We considered all roads surveyed within a site during a single sampling event as a single transect, and each of the 6 ground survey events were treated as replicate samples. Transect lengths in km were TNP = 357, MRC = 80, LGCA = 100, and MGCA = 53. We discarded the farthest 15% of observations. We plotted frequency histograms of perpendicular distances and fitted models to the histogram based on the key function and series expansion approach. We fit uniform, half-normal, and hazard-rate key functions with cosine and simple polynomial series expansions. We fit the key function models and associated series expansions to the data and used corrected Akaike information criterion (AIC c ) to select the best detection function model. We assessed goodness-of-fit of the top model using chi-square and Cramer von Misses tests. We regressed the logarithm of cluster size against the detection probability and adjusted detectability based on the expected cluster size. We estimated site-specific density and abundance using the top-ranked model for each site, which was the halfnormal key function with cosine expansion in every case.
Photographic capture-mark-recapture.-For PCMR analyses, we matched images using WildID, a computer program that matches unique fur patterns from photographs to identify individuals, and that performs well-matching large datasets of giraffe (Bolger et al. 2012) . We created individual encounter histories of observed individuals for analysis in program MARK 7.1 (White and Burnham 1999) . We modeled and estimated parameters using robust design statistical models by Pollock (1982) . For each site, we modeled and estimated population sizes (N) as well as ancillary parameters of survival probabilities (S), capture probabilities (p), recapture probabilities (c), and temporary emigration parameters (γ′ and γ″). We analyzed PCMR data following methods described in Burnham and Anderson (2002) . We used AIC c to select the best model by beginning with a fully parameterized time-and site-specific model and using a stepwise approach to rank reduced parameter models without time or site effects in temporary emigration, capture, and recapture, in that order. Population size and survival were modeled as site specific, but constant over time, as we did not expect these parameters to change much seasonally, and some parameter constraints were necessary to achieve model convergence. We estimated site-specific population sizes using the top-ranked model: {S(site) p(time) c(time) γ′= γ″ (constant) N(site)}.
Correction factors.-Systematic reconnaissance flight (SRF) surveys were conducted in both wet and dry seasons (Fig. 2) , and we detected a significant seasonal bias in SRF giraffe abundance estimates. Dry-season aerial surveys estimated significantly fewer giraffe in the ecosystem (t 6 = −2.06, P = 0.042). Thus, we first computed a correction factor that would increase the 2011 dry-season SRF estimate to be equivalent to wet-season SRF estimates. In subsequent analyses, we used the 2011 SRF abundance estimates for the 4 sites, corrected to reflect wet-season-equivalent values (2011 N WET = 2011 N DRY × 2.1). For aerial survey correction factors, we compared the wet-season-equivalent site-specific estimates of abundance and density from the November 2011 SRF survey with PCMR estimates from 2012. We calculated the SRF corrections as: N CORR = N RAW × C.
Means comparisons.-We compared site-specific estimates of density and abundance from SRF and distance methods with estimates from PCMR methods. We compared means using t-statistics computed as the difference in means divided by the pooled SEs. We used 5 degrees of freedom when comparing PCMR with SRF (n = 6 surveys contributed to estimates from PCMR and n = 1 survey formed the estimates from SRF). We used 10 degrees of freedom when comparing PCMR and distance (n = 6 surveys each). We also compared precision by computing coefficients of variation (CV) for all estimates, and a mean CV according to method.
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Costs.-We recorded fieldwork costs for our ground-based survey methods, and sought estimates of SRF costs from contractors within Tanzania. We compared costs by computing the cost in dollars per km surveyed.
results
We collected 503 distance data records of adult giraffe groups (TNP = 307, MRC = 111, LGCA = 43, and MGCA = 42). From PCMR data, we produced encounter histories for 1,347 individually recognizable adult giraffes. SRF observers detected 82 giraffes.
Means comparisons.-Density estimates, and associated abundance estimates, from SRF were significantly lower than PCMR estimates in 3 of the 4 sites ( Fig. 3; Table 1 ). Mean difference between PCMR and SRF density estimates was 0.636 adults/km 2 (SD = 0.757), and mean difference between distance and SRF density estimates was 0.268 adults/km 2 (SD = 0.343). Mean difference between PCMR and SRF abundance estimates was 734 adults (SD = 671), and mean difference between distance and SRF abundance estimates was 212 adults (SD = 258).
Density estimates from distance methods were similar to PCMR in TNP and MGCA, but varied significantly in MRC and LGCA ( Fig. 3 ; Table 1 ). Precision of estimates was greatest for PCMR (CV = 0.15), relative to distance (CV = 0.24), and SRF (CV = 0.44).
Correction factors.-Correction factors to adjust SRF abundance estimates varied according to site, but were not correlated with density (Table 1) . We adjusted the 2011 ecosystem-wide SRF abundance estimate using the correction factor for TNP (C TNP = 3.0), because it represented a large surveyed area with moderate giraffe density. This correction made the ecosystemwide estimate of giraffe abundance 2011 N CORR = 2011 N WET × C TNP = 7,902. To generate a 2nd ecosystem-wide estimate of giraffe abundance, we adjusted all SRF sites in the TE with individual correction factors (using the LGCA correction factor C LGCA = 1.2 for Engaruka, Simanjiro, Mkungenero, Kibaoni, and Outside SW areas) and summed the corrected estimates for a grand total of 7,844 giraffe.
Costs.-Each ground survey covered 590 km of transect over 10 days, and because both PCMR and distance methods were done simultaneously, we consider costs for both the same, with the additional cost of a camera for PCMR and a laser rangefinder for distance. Costs of implementing a ground survey was $4,400, or $7.46/km. Costs were distributed as vehicle rental and driver $2,000; salary for 2 observers $2,000; fuel $200; and food $200. An estimate for SRF survey costs in Tanzania in 2011 was quoted at $29,000 for 3,575 km, or $8.10/km (K. Clark, PAMS Foundation, pers. comm.). SRF surveys also have been quoted as costing $11/km inclusive of all aircraft and staff costs (Msoffe et al. 2010) . Ground survey costs in Kenya in 2003 -2004 were $3.10/km (Ogutu et al. 2006 .
discussion
This work was motivated by the need for an assessment of the current status of Masai giraffes in Tanzania. Our study is the 1st large-scale attempt to determine a correction factor for aerial surveys of giraffes in the country. Aerial surveys represent a basic and important tool for monitoring large mammal populations over very large areas (Stoner et al. 2007 ), but raw data from aerial surveys are commonly plagued by detection biases (Caughley 1974; Cook and Jacobson 1979; Samuel and Pollock 1981; Pollock and Kendall 1987; Samuel et al. 1992) . Our correction factors attempted to account for detectability biases in estimates from aerial survey data. Our dry-season correction factor adjusted abundance estimates from aerial surveys that were conducted during the dry period when fewer giraffes are typically detected. In addition, our detectability correction factor adjusted aerial SRF survey estimates to account for inherent methodological biases that resulted in systematic underestimating of giraffe numbers.
Overall, our correction factors increased the population estimates for giraffes in the Tarangire Ecosystem from a naïve 2011 SRF estimate of 1,235 giraffes, to a wet-season and detectability corrected estimate of 7,844-7,902 giraffes, a 6.4-fold adjustment. This is a large increase to the previously held population estimate for this ecosystem, but our correction factors were generally in the range of the correction factors calculated for giraffes in Zambia (C = 3 to 10-Jachmann 2002). To apply our correction factors to historical SRF surveys may be problematic as vegetation density has changed throughout the ecosystem over time (van de Vijver et al. 1999; Msoffe 2011) . We believe this corrected estimate may be larger than the true population size due to fine-scale differences in habitat and densities, including large areas of nonhabitat, within the SRF area. Stratified sampling during SRF and ground surveys or more detailed; stratified analyses should account for such differences.
We are confident that our PCMR estimates were indeed the most accurate of the 3 methods we examined, and precision of PCMR estimates was also greater than either distance or SRF. PCMR methods also can produce biased estimates when heterogeneity in detectability or violations of assumptions are present but not accounted for (White et al. 1982; Kendall 1999 ), but we believe our methods were sound and our results robust. The much larger sample sizes in the PCMR method, combined with the detectability estimation inherent in this method, indicate this method was capable of discovering significant variation in density of giraffe among the 4 sites examined (Lee 2015) . Significantly higher densities of giraffes in protected areas such as TNP and MRC may be expected due to the antipoaching patrols conducted by land managers at these sites (Caro et al. 2000; Nelson et al. 2010) . Human-wildlife conflicts where people are living, or variation in vegetation or habitat quality, may result in the lower densities evident in the GCAs. The distance method, again with higher sample sizes than SRF, found the same pattern in density variation among sites as the PCMR method, but our distance-based estimates of density were lower than PCMR estimates in sites with very high and very low density. SRF methods were unable to detect the differences in density among sites that were found using PCMR and distance, and SRF estimates of abundance were biased low in areas with higher density, which were the protected areas where monitoring is concentrated and where authorities are primarily concerned with population status. Costs of our ground-based surveys were slightly lower than SRF costs, but the difference in cost should be weighed against site-specific needs in terms of spatial coverage and precision. SRF aerial surveys are the most effective at covering large areas, but the large confidence intervals around the estimates produced with this method makes trend detection difficult. Aerial survey techniques can be employed to overcome the obstacles of large spatial expanses, limited road access to all areas of interest, and dense vegetation that may prevent observers from detecting animals from the ground. Relative abundance methods such as SRF can be useful for detecting trends if methods and the environment are consistent over time (Pollock et al. 2002) , but this is unlikely to be a realistic assumption (van de Vijver et al. 1999) , and low precision hinders trend detection. However, the use of so-called census methods, which assume that all animals are seen, remains a common practice. This can lead to many large mammals on the landscape being unaccounted for in aerial surveys (Pollock and Kendall 1987; Samuel et al. 1987; Ackerman 1988; Bodie et al. 1995) . Employing aerial survey methodologies that apply statistical sampling techniques is critical to addressing many of the negative biases created by heterogeneity of these factors (Ransom 2012; McQorquodale et al. 2013) . Use of such techniques can produce more precise and accurate population estimates with quantified errors that will provide better information for decision-making and management.
Mark-recapture modeling represents a different approach to deal with imperfect detectability (Otis et al. 1978; White et al. 1982; Pollock et al. 1990; Schwarz and Seber 1999; Barker 2008) . In mark-recapture models, the probabilities of detection can be estimated during each recapture occasion. Markrecapture methods have been widely applied to estimate large mammal population size and density (Bartmann et al. 1987; Neal et al. 1993; Bowden and Kufeld 1995; Mahoney et al. 1998; Gould et al. 2005) , with varied success. Mark-recapture may be an impractical tool for long-term monitoring of extensive, very abundant populations because of issues of landscape and population scale and the need for perpetual marking. On this landscape, a photographic mark-recapture population monitoring strategy is feasible due to the good road coverage and distinct individual natural markings on giraffe, although the method is relatively intensive in effort.
Distance sampling represents a middle ground between aerial and PCMR surveys in that it incorporates detectability but is less intensive in effort than PCMR methods. However, our study revealed differences between distance and PCMR estimates for which we could not account. It is likely that variation in vegetation, topography, or other environmental factors may need to be incorporated as covariates of distance sampling to overcome these heterogeneities in detectability. Distance sampling is best suited to estimating densities of large African mammals occurring at low to moderate densities in areas where visibility varies substantially, but should be supplemented with other methods for abundant and highly clustered species (Ogutu et al. 2006) .
The SRF in November 2011 was separated by 3-11 months from subsequent ground surveys in January-October 2012, so some incremental change in local population sizes could have occurred due to population dynamics or movement, but we believe such changes should be quite small due to the species' slow reproductive rate, lack of evidence for massive poaching activities during this period, and the small size of home ranges relative to the study area. Another caveat to this study concerns the nonrandom placement of ground survey routes. Our use of roads for ground surveys was logistically necessary in this terrain (Ogutu et al. 2006 ), but may introduce biases if animals avoid or are attracted to roads. We do not believe this was the case in TNP, but the presence of many livestock herds and herdspeople walking on roadways may have negatively biased giraffe use of areas near roads outside the national park.
We recommend the adoption of aerial survey methodologies in the SRF monitoring scheme that apply statistical sampling techniques to address the negative biases created by heterogeneity of detectability. In the meantime, correction factors should be applied to SRF estimates to account for the largest biases such as season, and overall bias in giraffe detectability documented here. We also recommend ancillary ground-based surveys for greater precision and faster trend detection, and for calibration of aerial surveys in this and other ecosystems across Tanzania. New methods should retain backward compatibility so past and future estimates are directly comparable. Replicate SRF surveys done back-to-back is another option for increasing precision of estimates while maintaining the large spatial coverage. These adjustments would all increase the precision and accuracy of monitoring efforts for the benefit of the natural resources and the tourism economy that relies upon them.
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